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This project aims to expand our understanding of the utility of molar outline morphology in
discriminating between primate taxa as well as to determine whether there is a significant
advantage to using deciduous second molars (dm2) over permanent first molars (M1). Recent
research in paleontology and paleoanthropology have demonstrated the usefulness of Elliptical
Fourier Analysis of molar crown outlines in distinguishing between closely related animal taxa,
including hominins, mice, and pigs. I apply this methodology to three Pan taxa: Pan paniscus,
Pan troglodytes troglodytes, and Pan troglodytes schweinfurthii to determine how well
biological distance information gleaned from molar outline analysis aligns with existing
molecular and morphometric data on Pan taxonomy.
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INTRODUCTION
Dental variation has long been considered to be an effective proxy for biological distance.
This is due to the strong degree of genetic control over tooth shape and size and the light
influence of environmental factors compared to other skeletal elements. This close
relationship has been particularly well documented with regard to nonmetric dental traits.
These discrete characteristics of the tooth crown and root (including accessory cusps,
wrinkles, etc…) have been documented as being up to 80% heritable (Irish 2016). In
addition to non-metric trait variation, the utility of the quantitative size and shape factors
measured in classical morphometrics and geometric morphometrics for determining
biological distance is currently being studied (Johanson 1974; Ichida 1996; Pilbrow 2003;
Pilbrow 2006). Tooth crown outline analysis is a relatively new method of dental
analysis in which the outlines of molar crowns are digitized and subjected to Elliptical
Fourier Analysis, which decomposes outlines into a set number of ellipses (called
harmonics), which together approximate the completed outline. The harmonic data is
then subjected to principal components analysis to identify sources of variance, followed
by discriminant function analysis to determine how well the most important sources of
variance discriminate between groups. Several studies have shown that similarities in
molar crown outline can be very strong predictors of taxonomic group membership
among such diverse taxa as hominins, bovids, suids, and mice (Bailey et al. 2014a; Bailey
et al. 2014b; Brophy et al. 2014; Cucci 2009; Michaux 2007). No such studies have, as
of yet, been conducted on great ape taxa and it remains to be seen whether this pattern
holds.
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The current state of flux surrounding chimpanzee taxonomy provides an excellent
opportunity to test this new method. Currently, two species – Pan paniscus (Bonobo or
pygmy chimpanzee) and Pan troglodytes (Common chimpanzee) – are recognized within
the genus Pan. Four subspecies are recognized within Pan troglodytes: Pan troglodytes
troglodytes, Pan troglodytes schweinfurthii, Pan troglodytes ellioti, and Pan troglodytes
verus (Humle et al. 2016). Analyses from several researchers representing competing
theoretical and methodological frameworks have suggested a number of changes to this
state of affairs, with population geneticists arguing that the number of recognized
subspecies within Pan troglodytes should be no more than three and morphological
researchers suggesting that the number should be as high as five (Groves 2005; Gonder et
al. 2011; Prado-Martinez et al. 2013; Funfstuck et al. 2015). This disagreement elegantly
illustrates the impact of differing frameworks on the interpretation of data.
Briefly summarized, several genetic studies have indicated that the biological distance
between Pan troglodytes troglodytes and Pan troglodytes schweinfurthii is low enough
for the two subspecies to be considered a single large cluster which shows levels of
genetic variation similar to what is seen between human populations (Gonder et al. 2011).
On the contrary, the current four-subspecies understanding of chimpanzee taxonomy is
the result of observed differences in geographic distribution, behavior, ecology, and
morphology. Intensive morphometric study of the cranial characteristics of northern and
southern populations of Pan troglodytes schweinfurthii revealed that the two populations
could be accurately distinguished from one another in 70 to 80% of cases (Groves 2005).
Thus, it was proposed that the southern populations of Pan troglodytes schweinfurthii
could be considered their own subspecies – Pan troglodytes marungensis – which would
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bring the total number of chimpanzee subspecies to five. Interestingly, both molecular
and morphometric studies have noted that Pan troglodytes verus appears to be quite
distinct from the other recognized subspecies, with some studies suggesting that it is as
distinct from the rest of Pan troglodytes as Pan paniscus and may, in fact, represent a
separate species (Gonder et al. 2011; Pilbrow 2003; Johanson 1974).
At the same time, the large amount of existing research into chimpanzee population
genetics provides a solid backbone to test the ability of the deciduous second molar to
distinguish between taxa. The overwhelming majority of studies on dental variation have
focused either primarily or exclusively on permanent dentition. However, recent research
suggests that the deciduous second molar may be more morphologically stable than the
permanent first molar and therefore its shape may be a better indicator of biological
distance than that of the permanent first molar (Bailey et al. 2014b).
This project is an opportunity to both explore the relationships between chimpanzee taxa
and to test the efficacy of Elliptical Fourier Analysis as a tool to distinguish between
closely related taxa. The results of this study will be compared with existing information
on the genetic relationships between Pan taxa in order to test the strength of the
correlation between molar outline variation and biological distance.
Research Aims
This project has three primary aims:
1.

To determine whether Pan troglodytes schweinfurthii and Pan troglodytes

troglodytes vary significantly from each other in molar outline shape.
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As mentioned above, Pan troglodytes troglodytes and Pan troglodytes schweinfurthii
have shown themselves to be difficult to distinguish from one another. This fact, along
with Groves’ assertion that Pan troglodytes schweinfurthii may also contain an additional
morphologically distinct taxon, suggests that the nature of the relationship between these
two subspecies is in need of close examination (Groves 2005). High levels of intra-taxon
variation with large amounts of overlap may explain both phenomena.
The following hypothesis will be tested:
1a) Pan troglodytes troglodytes and Pan troglodytes schweinfurthii can be
accurately distinguished from one another in more than 50% of cases.
2.

To determine whether Elliptical Fourier Analysis provides sufficient information

to distinguish between taxa at the species and subspecies level.
Elliptical Fourier analysis functions by decomposing individual outlines into a set
number of ellipses, which together approximate the original shape. This decomposition
necessarily results in the loss of a certain amount of data based on the quantity of
harmonics produced, as the number of harmonics is directly proportional to the precision
with which the original shape is approximated. For example, a complex shape
approximated by ten harmonics will be a less approximation than one with 100.
However, not all 100 harmonics will contain relevant data. Because of this, I expect this
method to be sufficient to discriminate well between species, where more obvious
morphological differences may exist and discriminate less effectively between the two
subspecies, which may display more subtle and less consistent differences (Gonder et al.
2011; Pilbrow 2003; Johanson 1974). Previous studies using a variety of methods from
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dental morphometrics and morphology to mitochondrial DNA have had difficulty
distinguishing between Pan troglodytes troglodytes and Pan troglodytes schweinfurthii
(Gonder et al. 2013; Pilbrow 2003 and 2006). This difficulty has been attributed to either
continued gene flow between the two subspecies or a relatively short time since
divergence (Pilbrow 2006). Pan paniscus, on the other hand, has been regularly found to
be genetically and morphologically distinct.
The following two hypotheses will be tested:
2a) Elliptical Fourier harmonics effectively discriminate between Pan species.
2b) Elliptical Fourier harmonics effectively discriminate between the Pan
subspecies Pan troglodytes troglodytes and Pan troglodytes schweinfurthii.
3.

To determine whether the deciduous second molar consistently discriminates

between chimpanzee taxa better than the permanent first molar.
As discussed above, recent studies suggest that the deciduous second molar may be a
better candidate for “key tooth” of the molar morphogenic field than the permanent first
molar within the genus Homo due to its increased morphological stability (Bailey 2016).
Assuming this pattern holds for nonhuman primates, the deciduous second molar may be
a better indicator of biological distance due to the reduced impact of non-genetic factors.
The following hypothesis will be tested:
3a) The deciduous second molar consistently discriminates between chimpanzee
taxa with a higher degree of accuracy than does the permanent first molar.
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Significance:
Teeth make up a substantial proportion of the hominid fossil record, and as such, their
study has proven essential in unraveling the secrets of human and primate evolution.
Given their importance and prevalence, as well as the substantial existing body of
knowledge surrounding the relationship between dental morphology and biological
distance, it is unsurprising that dental morphometrics and especially geometric
morphometrics have become increasingly important to the study of human and primate
evolution. Elliptical Fourier Analysis of molar outlines has the potential to be a powerful
tool for distinguishing between both extant and extinct taxa. This process is relatively
simple, inexpensive, and nondestructive – the study materials simply need to be
photographed, and the resulting image is analyzed digitally - making it a potentially more
attractive option than traditional morphometric methods which may damage teeth or
molecular methods which necessarily damage or destroy the study materials.
Additionally, the degree of genetic distance between Pan troglodytes troglodytes and Pan
troglodytes schweinfurthii is similar to the degree of genetic distance between many
human populations. If molar outline analysis can effectively and consistently distinguish
between these subspecies, it is possible that this method could also be used to distinguish
between human populations in a forensic or bioarchaeological context.
Finally, the possibility that the second deciduous molar provides better indicators of
biological distance than the far more commonly studied permanent first molar may open
the door to more accurate analyses in the future.
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LITERATURE REVIEW
Theoretical Background
In determining which – if either – party is “right” in the aforementioned debate on
chimpanzee taxonomy, it is important to understand the varying ways that the terms
“species” and “subspecies” are understood. While taxonomic disagreements far predate
the Modern Synthesis, the advent of population genetics and phylogenetic study and their
slow replacement of phenetics as the key concepts in taxonomy have led to an explosion
of conflicting and complementary ideas regarding taxonomy, including a rather diverse
array of species concepts.
Biology textbooks routinely cite up to seven or eight distinct species concepts. Of these
concepts, the most commonly cited is the so-called “biological species concept.” This
species concept is built around the idea of reproductive isolation. Put in the simplest
terms, a species would consist of interbreeding populations which produce fertile
offspring. If two populations are no longer able to interbreed and produce viable young,
they can be considered to have “speciated” (Mayr 2001). While this species concept has
formed the backbone of much of modern zoological study, it has several limitations – the
most obvious of which being that a species concept based on the ability of two organisms
to reproduce sexually can never be applied to asexually reproducing species. The
“evolutionary species concept” expands upon the biological species concept through its
inclusion of phylogeny as well as reproduction. Under this species concept, species are
defined as “separate ancestor-dependent units with their own evolutionary roles,
tendencies, and fates” (Mishler and Donoghue 1982).
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The phylogenetic species concept drops the necessity of reproductive isolation altogether
and instead defines species as “a diagnosable cluster of individuals within which there is
a pattern of phylogenetic ancestry and descent among units of like kind” (Eldredge and
Cracraft 1980). Essentially, this species concept asserts that taxonomic grouping should
be determined by evidence for monophyly rather than breeding criteria, though the
differences evident in the various categories of organisms may necessitate different
ranking criteria, which may ultimately include ecological or breeding information
(Wheeler and Meier 2000). As such, this species concept can be applied to any organism
regardless of its mode of reproduction while simultaneously accounting for phylogeny in
a way that the biological species concept does not.
Darwin himself proposed a rather lax concept of the term which accepted that “species”
was ultimately an artificial category which existed more for the convenience of biologists
than as a real, concrete division between categories of organisms. Species, defined in the
Darwinian sense by Mallet would therefore simply be “distinguishable groups of
individuals with few or no intermediates when in contact” (Mallet 1995). This definition
is central to both the genetic cluster and phenetic species concepts, which both rely on the
idea that closely related organisms will show a quantifiable degree of similarity to one
another. This similarity will be greater within species than between species, causing
different species to form distinct morphological or genetic “clusters” (De Queiroz 2007).
While the genetic cluster method is increasingly used to determine taxonomic
relationships, there is no widely accepted “cut-off” point for determining how much
genetic divergence warrants the recognition of a species or (especially) a subspecies.
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Additionally, while species are still generally recognized as being real, distinct entities,
the subspecies designation is more often considered in the more Darwinian terms as a
“convenience” taxon. Richards makes the important point that subspecies are not
definable except in relation to their assigned species (Richards 2010). Therefore, the
variation in how different species are defined leads to exponentially higher degrees of
variation in how different subspecies are defined. Citing the high degree of variation
between the levels of differentiation seen in Gorilla and Pan subspecies, Pilbrow even
suggests that the fluidity and inconsistency of the “subspecies” category among extant
taxa make it inadvisable even to attempt to diagnose subspecies in a fossil context
(Pilbrow 2003). Indeed, diagnosing subspecies among extant taxa is something of a
confusing undertaking. If species are inadequately defined in biology, subspecies
essentially not defined at all. It has been suggested that taxonomic ranks below the
species level are indeed not objectively definable (Mallet 1995). Under species concepts
with rigid guidelines, such as the biological species concept, this is likely true. However,
given the increasing popularity of genetic barcoding and “genetic cluster” species, it is
possible that a level of differentiation below the species level may be more consistently
distinguishable. Under the guidelines of the genetic and phenetic cluster concepts, a
subspecies would appear simply as a group whose differentiation was incomplete – there
would be significant overlap, but subspecies clusters, much like species clusters, would
cluster more closely with members of their own subspecies than with members of other
subspecies.
Ultimately, this collection of species concepts represents three primary approaches to
taxonomic classification: cladistics, phenetics, and evolutionary systematics. The
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cladistics approach to taxonomy relies on the presence of synapomorphies – defined as
shared, derived features – to reconstruct phylogenetic relationships. Under cladistics
rules, all species must be a) holophyletic – meaning that they include an ancestor and all
descendants and b) sister groups must have the same rank (Stuessy 2013). Cladistics
focuses heavily on splitting events of parent taxa into new “sister groups” and defines the
degree of relatedness between taxa by the recency of the split. The aforementioned
genetic studies favor a more conservative number of taxa because of the lack of evidence
for a definitive split between the more contested taxa (Pan troglodytes troglodytes/Pan
troglodyte schweinfurthii and Pan troglodytes schweinfurthii/Pan troglodytes
marungensis). Evolutionary systematics is similar to cladistics in terms of the
importance of splitting events but has an additional focus on measures of divergence and
similarity.
Prior to the discovery of genetics, taxonomic grouping was necessarily based on visible
similarities and differences between organisms. Unlike cladistics, which relies primarily
on phylogeny to classify taxa, phenetics focuses on overall similarity of “form”. In
pheteics, the members of a given taxon must be more morphologically similar to one
another than they are to members of other taxa (Sokal 1986). Phenetics does, however,
share a reliance on synapomorphies with cladistics. The obvious pitfall of this method is
that synapomorphies cannot always be accurately distinguished from simple analogous
traits resulting from convergent evolution. It has also been noted that morphological
distinctness is neither necessary nor sufficient to distinguish between species (Richards
2010). The three bat species Platyrrhinus helleri, Platyrrhinus matapalensis, and
Platyrrhinus incarum, for example, are an exceedingly morphologically similar group
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and were long considered to be the same widespread species until DNA barcoding
revealed separate lineages (Velazco et al. 2010). In this example of cryptic speciation,
morphological differentiation was not necessary. The reverse problem would be
encountered in the case of an exceedingly sexually dimorphic species such as
Cryptopsaras couesii, a species of anglerfish. Males of this species are a fraction of the
size of females and live on them parasitically (Quero et al. 1990). In this case, even
extreme morphological differentiation is not sufficient to establish that two species are
present.
While the relative objectivity of cladistics is increasingly favored, phenetic studies are
not without merit, especially as a starting point for study. In the case of extinct
organisms, in particular, overall similarity measures provide hypotheses which are
testable by cladistics methods, and which ultimately lead to a more thorough
understanding of the relationship between morphological similarity and genetic
relatedness.
Dental morphological and morphometric analysis lend themselves most easily to a
phenetic approach. Traits (metric or non-metric) are quantified and compared in order to
gain insight into the underlying similarities and differences between populations. Dental
analysis is an attractive alternative to genetic study due to its comparatively low cost and
relatively nondestructive nature (while certain tools – such as calipers – can damage
teeth, the destruction of the study material is not necessary as it is in genetic analyses).
Dental morphology is under very tight genetic control, with certain traits known to
display up to 80% heritability (Irish 2016). Because of this, dental morphology is often
used as a proxy for genetic data. In the case of chimpanzee taxonomy, the phenogram
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created from dental data fairly closely approximates the cladogram generated from
genetic data (Johanson 1974; Pilbrow 2003; Pilbrow 2006). This pattern of dental
morphological and morphometric analyses producing similar results to genetic analyses is
likely the result of tight genetic control over tooth development. The dentition as a whole
is patterned by homeobox genes, with different tooth types accounted for by variation in
the expression of said genes and their regulators and variation in the relative size within
different tooth types controlled by diffusion processes of activator and inhibitor enzymes
which respectively increase or decrease the activity of proteins. The Eda gene, in
particular, affects cusp number across the entire dentition (Polly 2015). The inheritance
of this genetic network accounts for the high degree of heritability seen in tooth size and
shape. This close correlation between observed genetic distance and phenetic distance
estimates based on dental data, along with the fact that teeth are among the most common
elements in the fossil record makes teeth a valuable source of information on the
relationships between both extant and extinct taxa.
Chimpanzee Taxonomy
In the last decade or so, the specifics of chimpanzee taxonomy have been the subject of
significant disagreement. The disagreement over which number of subspecies would
provide the most accurate picture of chimpanzee systematics provides an excellent
opportunity to examine the different aims and correspondingly different results associated
with different approaches to classification. Presently, there are four recognized
subspecies of the common chimpanzee, Pan troglodytes which are distinguished
primarily by geographic range, as well as some behavioral and ecological differences.
Pan troglodytes ellioti was initially recognized entirely on the basis of genetic
distinctiveness (Gonder 1997). Morphological and morphometric differences between

13

subspecies tend to be relatively minimal with substantial overlap between subspecies
(Hey 2010).

Data courtesy of IUCN Red List

Figure 1. Map of the geographic range of Pan

1.

Pan troglodytes troglodytes (Central Chimpanzee) are native to Angola,

Cameroon, Central African Republic, Congo, The Democratic Republic of the Congo,
Equatorial Guinea, and Gabon. While all chimpanzee subspecies have been observed
hunting and eating meat, the practice is somewhat less common with this subspecies
(Maisels et al. 2016).
2.

Pan troglodytes schweinfurthii (Eastern Chimpanzee), native to Burundi, Central

African Republic, The Democratic Republic of the Congo, Rwanda, South Sudan,
Tanzania, and Uganda (Plomptre et al. 2016). Pan troglodytes schweinfurthii is
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generally considered to be the smallest of the recognized subspecies, with a range of
body sizes which overlaps with that of Pan paniscus (White 1996).
3.

Pan troglodytes ellioti (Nigeria-Cameroon Chimpanzee), is native to Nigeria and

Cameroon and is the most recently recognized chimpanzee subspecies. This subspecies,
initially dubbed P. t. vellerosus, is the first chimpanzee subspecies to be recognized on
the basis of genetic distinctness. P. t. ellioti was initially proposed as a subspecies
separate from P. t. verus as a result of mitochondrial DNA analysis (Oates et al. 2009).
Later studies confirmed the genetic distinctness of P. t. ellioti via the analysis of
autosomal single nucleotide polymorphisms (SNPs) (Gonder et al. 2011; Bowden et al.
2012). Aside from its genetic differences, this subspecies has also been documented
using tools such as stone nut-cracking hammers and termite fishing sticks (Oates et al.
2016).
4.

Pan troglodytes verus (Western Chimpanzee), are native to Côte d'Ivoire, Ghana,

Guinea, Guinea-Bissau, Liberia, Mali, Senegal, and Sierra Leone (Humle et al. 2016).
The habitat of this subspecies differs significantly from other chimpanzee subspecies in
that there are fairly substantial mixed woodland/grassland populations. P. t. verus is also
unique for its use of tools to hunt galagos. P. t. verus is the only known non-human
animal to hunt vertebrate prey using tools (Pruetz et al. 2015).
Pan paniscus, otherwise known as the bonobo or pygmy chimpanzee, is considerably
more restricted in its range than Pan troglodytes. This species is found exclusively in the
Democratic Republic of the Congo in an area bounded by the Lualaba River in the east,
the Kasai/Sankuru Rivers in the south, and the Congo River in the north (Fruth 2016).
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Pan paniscus differs morphologically from Pan troglodytes in its comparatively small
skull and teeth, dark face, “parted hair,” shorter forelimbs, longer hind limbs and high
frequency of webbed second and third toes (White 1996). This species is perhaps better
known for its behavioral differences from the common chimpanzee, namely the higher
status of females with Bonobo social structure and the comparative rarity of violence
(Furuichi 2011). Pan paniscus was initially considered to be a subspecies of Pan
troglodytes and was first given full species status because of its pronounced
morphological distinctiveness (Coolidge 1933). In the proceeding decades, additional
morphological, morphometric, and genetic studies have supported the species distinction
(Johanson 1974; Uchida 1996; Pilbrow 2003; Skinner et al. 2009).
Genetic and Phylogenetic Perspectives
Studies of chimpanzee population genetics, as a rule, recognize at least one deep
evolutionary split within the Pan troglodytes species (Gonder et al. 2006; Gonder et al.
2011; Oates et al. 2009; Prado-Martinez et al. 2013; Funfstuck et al. 2015). This split
divides Pan troglodytes troglodytes and Pan troglodytes schweinfurthii from Pan
troglodytes verus and Pan troglodytes ellioti. A more recent split is recognized between
Pan troglodytes verus and Pan troglodytes ellioti somewhere in the vicinity of 400,000
years ago (Gonder 2011). The final recognized split is the less definitive division
between Pan troglodytes troglodytes and Pan troglodytes schweinfurthii approximately
100,000 years ago (Gonder 2011).
Analyses of mitochondrial and nuclear DNA have found no evidence for significant
divergence between northern and southern populations of Pan troglodytes schweinfurthii
and therefore do not support the recognition of the proposed subspecies Pan troglodytes
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marungensis (Gonder 2011; Prado-Martinez 2013). As was mentioned previously, these
studies also found little in the way of evidence for a conclusive division between Pan
troglodytes troglodytes and Pan troglodytes schweinfurthii, noting that there was likely
either significant recent gene flow between the two taxa or their split was too recent to
result in substantial genetic differentiation (Gonder 2006; Gonder 2011). Ultimately,
three primary clusters have emerged: the Upper Guinea cluster (Pan troglodytes verus),
the Gulf of Guinea cluster (Pan troglodytes ellioti), and the Equatorial Africa cluster
(including both Pan troglodytes troglodytes and Pan troglodytes schweinfurthii).
Interestingly, Pan troglodytes verus was found to be significantly distinct from all other
chimpanzee populations that it could potentially be viewed as a separate species. The
distinctiveness of P. t. verus has been noted in dental morphometric studies as well as in
genetic studies, with the latter category finding that the subspecies displays a similar
degree of biological distance from the rest of Pan troglodytes to that seen in Pan
paniscus (Johanson 1974; Pilbrow 2003; Pilbrow 2006; Gonder 2011).
Morphological Perspectives
Morphological and morphometric studies of chimpanzee taxonomy paint a similar overall
picture with a few important distinctions. Namely, all morphological and morphometric
studies have been able to distinguish, to varying degrees, all chimpanzee taxa which were
recognized at the time. These studies agree with molecular studies in that Pan
troglodytes troglodytes and Pan troglodytes schweinfurthii are consistently found to be
the least differentiated (Johanson 1974; Uchida 1996; Pilbrow 2003; Pilbrow 2006).
Because molecular studies narrow their focus to include only DNA however, they
necessarily only pick up on traits which vary due to genetics. Cranial and dental traits,
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while often considered to be close proxies for genetic traits, necessarily contain certain
amounts of non-genetic information. Epigenetic processes and environmental conditions
during development can and do affect adult form. Thus, morphological and
morphometric studies tend to find, depending on the taxon of interest, that divisions are
either more or less clear than a genetic study of the same taxon.
One study of particular interest uses morphometric measurements, including mesiodistal
and buccolingual dimensions, distance between cusps, length of crests, and relative
positions of cusps and crests on each upper and lower right molar, from the teeth of 341
chimpanzees of known provenience to determine the degree of differentiation between
populations and determine what geographic features may have led to isolation and further
differentiation. Using a combination of dental morphometrics and geospatial analysis, it
was determined that, after the Congo River, which separates Pan paniscus from Pan
troglodytes, the Niger, Sanaga, and Ubangi Rivers were the most effective geographic
barriers to contact between populations and subspecies (Pilbrow 2006). This paper also
noted that measurements for Pan troglodytes verus diverged noticeably from the other
three subspecies of Pan troglodytes. As mentioned above, the uniqueness of P.t. verus
has been noted on several occasions and certainly warrants further study. Analysis of
non-metric traits of the anterior dentition has also proved to be potentially helpful for
classification in certain cases. While incisor morphology appeared to be relatively
uniform across great ape taxa (82% of Pan, 84% of Gorilla and 80% of Pongo displaying
the same basal bulge of the incisors), upper incisors in Pan troglodytes verus were
observed to typically have a continuous cingulum (with or without pillar), while Pan
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troglodytes troglodytes and Pan troglodytes schweinfurthii typically displayed the basal
bulge (Pilbrow 2003).
Consistent differences in specific craniometrics measurements have been noted between
northern and southern populations of Pan troglodytes schweinfurthii (Groves 2005).
Northwestern specimens were characterized by relatively large skulls with a “long face,
broad braincase and zygomata,” while southeastern populations were “smaller, relatively
wide across the orbits and muzzle, and with a relatively long palate.” Groves’
observations form the basis for his assertion that the two populations are sufficiently
distinct to warrant separate subspecies.
Dental Analysis Methodologies
Butler's Field Concept is central to any analysis of teeth and revolves around the
organization of the various tooth classes of the mammalian dentition (premolars, molars,
etc...) into distinct morphogenetic "fields." Morphogenetic fields have been described as
“modules” of cells which respond to a specific set of signals during development to
generate specific structures (Bolker 2000). Such fields were recognized as early as 1910
by Gurwitsch, and the concept of morphogenetic fields has been common in studies of
limb generation (Gurwitsch 1910; Beloussov 1997). The application of the
morphogenetic field concept to dentition specifically as well as extrapolation on the topic
with regard to human dentition by Dahlberg has been crucial to modern studies of dental
variation.
Dahlberg's addition to Butler's field concept includes the concept of a "key tooth," which
is more morphologically stable than the other teeth within the field (Dahlberg 1945).
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This key tooth would theoretically be less apt to be affected by factors external to its
genetic coding and therefore variation in the size and shape of the key tooth would be
more likely to reflect genetic differences than variation in the more distal teeth in that
field, which would be more susceptible to environmental and epigenetic “noise”.
Studies have found that this reduction in variability is closely related to the relatively
shorter period the key teeth spend in the non-mineralized state compared to other teeth in
the same field (Townsend et al. 2009). For example, the key tooth of the maxillary molar
field is generally considered to be the maxillary first molar (Dahlberg 1945). In humans,
the maxillary first molar begins to calcify at birth, with complete calcification of the
crown occurring by the third year. The maxillary second molar begins to calcify around
2.5 to 3 years of age with crown completion around 7 to 8 years of age, and the maxillary
third molar begins to calcify around 7-9 years of age with crown completion between 12
and 16 (Ash and Nelson 2003). This results in a total crown calcification time of 2.5 to 3
years for first molars, compared to 4.5 to 5.5 years for second molars and 5 to 9 years for
the third. The increased amount of time spent in the noncalcified/semi-calcified state
allows for epigenetic and environmental factors to affect tooth growth, leading to
increased variability in more distal teeth (Townsend et al. 2009).
One recent morphometric study, however, suggests that the second deciduous molar,
rather than the first permanent molar, may be a better candidate for the "key tooth" of the
molar field (Bailey et al. 2016). This study, which included pairs of upper and lower
permanent first and deciduous second molars from recent Homo sapiens, upper
Paleolithic Homo sapiens, early Homo sapiens, Neanderthals, and Homo erectus, found
that the deciduous second molars of Homo sapiens retained a more primitive shape than
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did permanent first molars, and that the deciduous second molar was quite stable in size
and shape (Bailey et al. 2016). Bailey notes that the deciduous molars are not, in fact,
premolars as they are often considered, but arise from the same dental lamina as
permanent molars and are not replaced (Bailey et al. 2016). In humans, the deciduous
second molar begins to calcify at about 19 weeks gestation, and the crown completes its
calcification around 11 months, resulting in a significantly shorter calcification time than
is typical of permanent first molars (Ash and Nelson 2003). This suggests that the
epigenetic and environmental factors which cause the second and third permanent molars
to be less morphologically stable than the first would have even less effect on the
deciduous second molar. This is further supported by a study of non-metric traits of the
deciduous second and permanent first molar. This study found that traits which form
earlier in the development of tooth crowns, such as Carabelli’s trait, continuous oblique
ridges, and 7th cusps were more common on deciduous second molars, while laterdeveloping traits, such as wrinkling and marginal ridge cusps were more common on
permanent first molars (Smith et al. 1987). This suggests that difference in time spent
calcifying between deciduous second and permanent first molars is an important source
of variation. Therefore, the size and shape of the deciduous second molar would depend
more strongly on simple genetics than any additional external factors. If this is, in fact,
true, the deciduous second molar may be a better indicator of genetic similarity than the
permanent first molar.
On a similar note, the dentinoenamel junction (DEJ) has been proposed as potentially
more evolutionarily conservative than the outer enamel surface (OES). This is because
the growth and folding of the inner enamel epithelium is the first process which occurs
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during the formation of the tooth crown. When the final conformation of the inner
enamel epithelium is reached, the dentinoenamel junction preserves a “morphological
record” of the developmental surface it formed upon. Only after this process is complete
does mineralization of the outer enamel surface begin (Skinner and Gunz 2010; Morita et
al. 2011). The fact that earlier-forming features tend to be more morphologically
conserved and less impacted by environmental factors makes the DEJ an attractive
subject of study for those hoping to glean phylogenetic insights from dental materials.
Morphology
Dental morphological studies often examine discrete morphological characters called
non-metric traits. Differences in the relative frequency of certain crown and root traits
are used to differentiate populations from one another as well as to determine their
relative closeness or distance from one another. The usefulness of dental non-metric
traits in determining biological distance is further increased by the fact that, with very
few exceptions, there is very little sexual dimorphism in the expression of these traits
(Scott and Turner 2008). The modern study of non-metric dental traits began in 1956
with A.A. Dahlberg’s production of a series of casts showing grades of expression for
several dental traits including incisor shoveling, Carabelli’s trait, and the protostylid.
From here, this scoring system was further developed by several anthropologists
including Turner and Scott, who established the Arizona State University Dental
Anthropology System (ASUDAS), which is the current basis for most research on human
non-metric dental morphology (Scott and Turner 2008).
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Morphometrics
Morphometric studies involve the application of multivariate statistics to sets of
morphological variables including linear measurements, angles, and ratios (Adams et al.
2004). In the particular case of teeth, mesiodistal and buccolingual measurements, as
well as tooth-shape indices (the ratio between length and breadth) and cusp proportions
are fairly common (Uchida 1996; Pilbrow 2006). This early form of quantitative shape
analysis was commonly criticized for failing to adequately capture the spatial
arrangement of landmarks (Slice 2007)
Geometric Morphometrics
Geometric morphometrics is distinguished from traditional morphometrics by the fact
that geometric morphometric (GM) methods retain all the geometric information of a
shape – often through the use of Cartesian coordinates - while traditional morphometric
methods primarily capture general tendencies through the analysis of lengths, widths,
ratios, and angles (Slice 2007). Geometric morphometric analysis generates more
information about a shape than does classical morphometrics and side-by-side
comparisons of traditional morphometric and geometric morphometric data on human
molars found that the GM data more accurately discriminated between human
populations (Bernal 2007).
Outline Analysis
Elliptical Fourier Analysis was introduced in 1982 by Kuhl and Giardina and has been
widely used in scientific fields to compare variation within classes of static shapes (Kuhl
and Giardina 1982). EFA works by “decompos[ing] the outline of an object into a series
of closed curves (called harmonics) that vary in size, shape, and orientation and that are
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generated by a known mathematical function. The sum of all harmonics recreates the
original outline with precision proportional to the number of harmonics used in the shape
decomposition” (Carlo et al. 2011). Often used in concert with Elliptical Fourier
Analysis and other geometric morphometric methods is Procrustes Superimposition.
Procrustes Superimposition is a method for standardizing scale and rotation before
further analysis and is intended to allow the analysis of shape specifically, without the
influence of size and the potential for additional error due to minor differences in
digitization.
The application of Elliptical Fourier Analysis and similar forms of outline analysis to
molar shape has proven to be a powerful tool for distinguishing between animal taxa in
recent years. Outline analysis has the benefit of combining traditional geometric
morphometric measurements and non-metric traits such as accessory cusps which affect
the cross-sectional shape of teeth. One important study examined the relationship
between molar outline shape and phylogeny through the analysis of the digitized upper
first molar outlines of 586 mice. Both extant and extinct species, representing 24
geographic groups, were analyzed. Discriminant function analysis found that individuals
were correctly matched to their geographic groups in 82.5% of cases when only extant
species were included, and phylogenetic trees generated using only molar outline data
were found to roughly approximate the phylogenetic trees generated through molecular
studies (Macholán 2006).
The findings of these studies have been important not only for zoological and
paleontological study but also for their implications for human migration and the
domestication process. One analysis of the outlines of permanent first molars in a sample
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of unidentified modern and fossil mouse species attempted to determine whether the
samples most closely matched the known species Mus musculus or Mus spretis (Michaux
2007). A close relationship with Mus musculus samples would indicate that the mice
currently inhabiting the islands likely arrived as a consequence of human colonization, as
these rats only entered the area when humans did, while a closer match to Mus spretis
would more likely indicate a natural dispersion from the mainland independent of human
activity. Notably, the Mus musculus and Mus spretis reference samples were genotyped,
and the accuracy of outline analysis in discriminating between the two was tested.
Individuals from the reference sample were correctly classified in 90% of cases.
Following this finding, the molar outlines from the unidentified individuals were
compared to the reference samples using Elliptical Fourier analysis. All individuals from
the modern sample were found to closely resemble Mus musculus, while 70 to 80% of the
fossil sample resembled Mus musculus, suggesting that the modern mouse population of
the Canary Islands likely arrived when humans did, possibly displacing another, separate
population (Michaux 2007).
Suids and bovids have also been popular subjects of molar outline analysis. One study
examined lower third molars of pigs found at two archaeological sites in Borneo,
covering a wide range of time between 10800BP and 1500AD. Like the aforementioned
Canary Island mouse study, this study made use of a reference sample of suids of known
taxonomic designation, and the differentiating power of the outline data was tested on the
reference sample before being used to try to reconstruct the relationship between the
unknown archaeological pig sample and the known modern sample. Nearly all modern
groups were classified with 100% accuracy based on third molar outlines (Cucchi et al.
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2009). Another recent study used Elliptical Fourier analysis of bovid molars to determine
the relationship between fossil and modern bovine taxa. As in the previous studies, molar
outline analysis was first carried out on a reference population of modern bovids.
Approximately 85% of the reference sample was accurately classified. The fossil sample
was then tested, and it was determined that they clustered closely with three of the known
taxa (Brophy 2014).
Analysis of molar outlines began to gain popularity in paleoanthropology almost as soon
as it began to gain traction in paleontological studies. Bailey and colleagues have been
particularly involved in the application of tooth crown outline analysis to humans and
human ancestors. The first in a series of papers on this topic appeared in 2005 and
examined differences between Neanderthal and Homo sapiens fourth premolars. This
study noted that the prevalence of marked asymmetry in fourth premolars was very high
(~96% frequency) in Neanderthals, and correspondingly low (0-6% frequency) in
anatomically modern humans. Analysis of digitized outlines of these teeth found that
fourth premolar shape successfully discriminated between taxa in 86.4% of cases (Bailey
& Lynch 2005). Another paper applied tooth crown outline analysis methods to
deciduous teeth for the first time. This study examined the outlines of deciduous upper
second molar crowns from Neanderthals as well as several populations of early and
Upper Paleolithic anatomically modern humans. This study found that the shape of this
tooth could be used to accurately identify individuals at the species level in a staggering
96.5% of cases. However, it was also noted that the shape of the deciduous upper second
molar crown did not effectively discriminate between most recent human populations
(Bailey et al. 2014b).
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The existing body of work indicates that molar outline shape has the potential to be a
powerful tool for distinguishing between taxa. The genetic closeness of the genus Pan to
the genus Homo, as well as the documented similarity in biological distance between Pan
troglodytes troglodytes and Pan troglodytes schweinfurthii and the distance between
many human populations, provides an excellent opportunity to test the ability of molar
outline analysis to distinguish between very closely related taxa.
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METHODS AND MATERIALS
This study involves the analysis of 168 occlusal photographs of maxillary deciduous
second and permanent first molars from samples representing Pan paniscus, and Pan
troglodytes. The Pan paniscus (dm2: n=18, M1: n=30) and Pan troglodytes
schweinfurthii (dm2: n=26, M1: n=41) samples were obtained by Dr. Emily Hammerl
from the Royal Museum for Central Africa (RMCA) in Belgium. The Pan troglodytes
troglodytes (dm2: n=15, M1: n=38) photos were provided by the Cleveland Museum of
Natural History (CMNH) or taken by someone else and provided by CMNH. Upper right
molars were arbitrarily selected as the study teeth, and as such, the individuals used in
this study were selected based on the presence of relatively unworn maxillary dm2 and/or
M1. Preference was given to individuals who display both teeth, and in cases where the
left tooth is present, but the right is not (or the right tooth is damaged), a mirror image of
the left tooth was taken and analyzed instead.
Individual tooth crowns were isolated from photos of complete dental arcades in the
following manner: After being imported into Adobe Photoshop CC 2015.5, the photo’s
contrast was increased in order to provide the maximum level of distinguishability
between teeth and the surrounding bone. A black-and-white filter was then applied in
order to simplify the color scheme to allow for easier selection of the teeth by tpsDig’s
Outline tool. Finally, the surrounding teeth and bone were carefully shaded out so that
only the crown of the target tooth was visible (see Figure 2). These images were then
saved in a high-quality .tiff format to eliminate problems previously encountered during
the digitization process stemming from pixelation. Lower quality images resulted in
duplicate outlines and prevented the generation of .csv coordinate files. Thin plate spline
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(TPS) files were then generated from the outlines using tpsUtil64. These files were
generated in six diagnostic groups: Pan paniscus M1, Pan paniscus dm2, Pan troglodytes
troglodytes M1, Pan troglodytes troglodytes dm2, Pan troglodytes schweinfurthii M1,
and Pan troglodytes schweinfurthii dm2. TpsDig version 2.26 was used to generate 80
XY coordinates for each outline using the “Outline” tool. The resulting coordinate data
was converted to “Landmarks” using tpsUtil version 1.70 and then saves as a CSV file
and copied into PAST (PAleontological STatistics) software version 2.17c.

Figure 2. Specimen RMCA 83006M25 pre- and post- image processing

Once the coordinate data was entered into PAST, the Procrustes Transform tool was used
to perform Procrustes superimposition, which standardized the outlines with regard to
scale and rotation. Elliptical Fourier analysis was then carried out on the entire sample
using PAST. Elliptical Fourier analysis produced a series of 30 harmonics from each of
the 168 teeth. Sine and cosine components were generated for the x and y increments
along the outline, resulting in a total of 120 columns representing the 30 harmonics.
Initial analysis included all 30 harmonics, but experimentation with principal components
analysis revealed that PCA which included only the first 15 harmonics produced identical
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between-group results to PCA which included all 30. Examination of the outlines
produced by different numbers of harmonics reveals that there is very little difference in
the outlines produced by 15 and 30 harmonics, suggesting that the final 15 harmonics
contain very little if any, relevant data (see Figure 3). Because of this, only the first 15
harmonics were used in this analysis.

Figure 3. The outline of RMCA 1208 with a) 1, b) 5, c) 10, d) 15, e) 20, and f) 30 EFA Harmonics

Principal components analysis was performed on the resulting EFA data in several
categories:
I.

Pan paniscus vs. Pan troglodytes troglodytes vs. Pan troglodytes
schweinfurthii
a. All Tooth Categories, which included both tooth categories
b. Deciduous Second Molar Only, which tested for sources of variance
between the three taxa based on deciduous second molars only,
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c. Permanent First Molar Only, which tested for sources of variance
between the three taxa in first permanent molars only,
II.

Pan paniscus vs. Pan troglodytes
a. All Tooth Categories, which included both tooth categories and pools
both Pan troglodytes taxa for comparison to Pan paniscus
b. Deciduous Second Molar Only, which pools dm2 data from the two
Pan troglodytes subspecies into a single category for comparison to
Pan paniscus
c. Permanent First Molar Only, which pools M1 data from the two Pan
troglodytes subspecies into a single category for comparison to Pan
paniscus

III.

Pan troglodytes,
a. All Tooth Categories, which included both tooth categories and
compared the two Pan troglodytes taxa
b. Deciduous Second Molar Only, which compares dm2 data from the
two Pan troglodytes subspecies to each other.
c. Permanent First Molar Only, which compares M1 data from the two
Pan troglodytes subspecies to each other

Canonical variates analysis was then used to determine how accurately dm2 and M1
outlines distinguish between great ape taxa at the level of species (Pan troglodytes vs.
Pan paniscus) and subspecies (Pan troglodytes troglodytes vs. Pan troglodytes
schweinfurthii) based on the most diagnostic components, as well as how well the
outlines of deciduous second molars and permanent first molars can be distinguished
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from one another. These tests were carried out in the same categories that were used for
principal components analysis.
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RESULTS
Principal Components Analysis
I.

Pan paniscus vs. Pan troglodytes troglodytes vs. Pan troglodytes schweinfurthii
a. All Tooth Categories

Five components were identified as accounting for 100% of between group variance,
three of which were above the threshold for significance. These three components
accounted for 97.57% of between-group variance, with PC 1 accounting for 75.24%, PC
2 accounting for 14.05%, PC 3 accounting for 8.28%. Using the EFA deform tool in
PAST and also by closely examining the images, I was able to determine approximately
what the principal components represented. Both PC 1 and PC2 show a general pattern
of increased symmetry with higher scores. The primary difference is that in PC1, the
increased symmetry is associated with increasingly well-defined cusps, while in PC2
cusp definition is relatively minimal at both ends of the spectrum with the high end
showing a roughly round shape and the low end being approximately triangular. PC 3
was mercifully obvious in that it represents the location of the tooth’s longest axis. Teeth
with higher scores were longer buccolingually, and teeth with lower scores were longer
mesiodistally. PC 1 appeared to be primarily responsible for distinguishing the
deciduous second molars from permanent first molars. PC2 better separated Pan
paniscus and the Pan troglodytes subspecies and PC 3 separated the two subspecies.
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Figure 4. Spectrum of variation for PC 1

Figure 5. Spectrum of variation for PC 2

Figure 6. Spectrum of variation for PC 3
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Pan paniscus dm2
Pan paniscus M1
P. t. schweinfurthii dm2
P. t. schweinfurthii M1
P. t. troglodytes dm2
P. t. troglodytes M1

Figure 7. Distribution of scores for a) PC 1 and 2, b) PC1 and 3, and c) PC 2 and 3
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b. Deciduous Second Molar Only
Two principal components were identified which accounted for 100% of between-group
variance in second deciduous molars. Principal component 1 accounted for 63.37% of
variance, while principal component 2 accounted for the remaining 36.64%.
Teeth with high scores for PC 1 displayed a larger mesiolingual cusp and a long lingual
edge. Those with negative PC1 scores showed reduced lingual cusps and a roughly
triangular shape, with the lingual side forming the narrow “point”. Teeth with high
scores for PC 2 were more rectangular in shape with a long buccolingual axis, while teeth
with the most negative scores were more roughly round.
Pan paniscus consistently had higher scores for PC 1 than either Pan troglodytes
subspecies, while Pan troglodytes troglodytes tended to have higher scores for PC 2 with
Pan troglodytes schweinfurthii having the lowest.

Figure 8. Spectrum of variation for PC1
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Figure 9. Spectrum of variation for PC 2

Figure 10. Distribution of PCA scores for PC 1 and 2

c. Permanent First Molar Only
Two principal components were identified which were responsible for 100% of betweengroup variance in the first permanent molar. Principal component 1 accounted for
69.98% of variance, while principal component 2 accounted for the remaining 30.02%.
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Teeth with high PC1 scores displayed a more rectangular shape and were somewhat
elongated buccolingually. Those with the most negative scores had a nearly round shape.
Teeth with high PC2 scores were elongated mesiodistally, while those with the most
negative scores were narrower mesiodistally and buccolingually elongated.
PC 1 varied somewhat more between Pan paniscus and Pan troglodytes than between the
two Pan subspecies, while PC2 was actually quite effective in separating the two
subspecies.

Figure 11. Spectrum of variation for PC 1

Figure 12. Spectrum of variation for PC 2
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Figure 13. Distribution of PCA scores for PC 1 and 2

II.

Pan troglodytes vs. Pan paniscus
a. All Tooth Categories

Principal components analysis identified 120 components which accounted for 100% of
within-group variance, of which 26 accounted for 99% of variance. Three components
were identified which accounted for 100% of between-group variance. PC 1 accounted
for 81.21% of variance, PC 2 accounted for 16.74%, and PC 3 accounted for 2.62%.
Teeth with high scores for PC 1 have a roughly symmetrical rectangular shape with four
cusps well defined with a groove between them, while teeth with lower scores are
roughly triangular with very little in the way of a distolingual cusp and little definition
between the two buccal cusps. Teeth with high scores for PC 2 displayed a roughly
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round shape, while those with low scores had a degree of asymmetry, with the lingual
cusps somewhat larger than the buccal cusps. PC 3 could not be immediately interpreted
due to a large amount of variation between the highest and lowest scores.

Figure 14. Spectrum of variation for PC 1

Figure 15. Spectrum of variation for PC 2
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Figure 16. Distribution of scores for a) PC 1 and 2, b) PC1 and 3, and c) PC 2 and 3

b. Deciduous Second Molar Only
A single component was found to account for 100% of between-group variance. Teeth
with high scores for this component had a roughly symmetrical “rounded rectangle”
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shape, while those with the most negative scores had a roughly triangular shape with a
diminished mesiolingual cusp.

Figure 17.Spectrum of variation for PC 1
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Figure 18. Distribution of scores for PC 1 and 2

c. Permanent First Molar Only
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Analysis which included only permanent first molars a single component as accounting
for 100% of between-group variance. Teeth with high values for this component had a
roughly rectangular shape with well-defined cusps, while those with the most negative
values had a nearly round shape.

Figure 19.Spectrum of variation for PC 1
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Figure 20. Distribution of scores for PC 1 and 2
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III.

Pan troglodytes troglodytes vs. Pan troglodytes schweinfurthii
a. All Tooth Categories

Three components were identified which accounted for 100% of between group variance.
PC 1 accounted for 83.74% of variance, PC 2 accounted for 15.08% of variance, and PC
3 accounted for 1.18% of variance. Teeth with high values for PC 1 had a mesio- and
distolingual cusps of roughly equal size, while those with the most negative values had
very small, poorly defined distolingual cusps. Teeth with high values for PC 2 were
somewhat elongated along the buccolingual axis, while those with negative values were
more rounded with elongation along the mesiodistal axis. PC 3 was somewhat more
ambiguous.

Figure 21. Spectrum of variation for PC 1

Figure 22. Spectrum of variation for PC 2
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Figure 23. Distribution of scores for a) PC1 and 2, b) PC 1 and 3, and c) PC 2 and 3

b. Deciduous Second Molar Only
A single component was identified as being responsible for between-group variance.
Teeth with high values for this component display a roughly rectangular shape with the
lingual cusps nearly as large as the buccal cusps. Teeth with the most negative values
were more rounded on the lingual side with less distinct lingual cusps.
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Figure 24.Spectrum of variation for PC 1
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Figure 25. Distribution of scores for PC 1 and 2

c. Permanent First Molar Only
One component was identified which accounted for 100% of between group variance.
Teeth with high values for this component were elongated along the buccolingual axis.
Those with the most negative values were elongated along the mesiodistal axis.
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Figure 26. Spectrum of variation for PC 1
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Figure 27. Distribution of scores for PC 1 and 2

Canonical Variates Analysis
I.
Pan paniscus vs. Pan troglodytes schweinfurthii vs. Pan troglodytes troglodytes
a. All Tooth Categories
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Actual Group

Predicted Group
PP_dm2 PP_M1 PTS_dm2 PTS_M1 PTT_dm2 PTT_M1 Total
PP_dm2
8
4
3
1
1
1
18
PP_M1
2
20
0
2
1
5
30
PTS_dm2
2
0
17
2
4
1
26
PTS_M1
6
4
3
20
1
7
41
PTT_dm2
0
0
5
0
8
2
15
PTT_M1
3
5
4
6
4
16
38
Total

21

33

32

31

19

32

168

Table 1. Confusion Matrix for CVA Test 1a

Deciduous second molars from the Pan paniscus sample were correctly classified in
44.44% of cases (8 of 18 teeth). They were most commonly misclassified as Pan
paniscus first permanent molars, with such misclassifications accounting for 22.22% of
cases (4 of 18 teeth). The remaining misclassified teeth were identified as Pan
troglodytes schweinfurthii deciduous second molars in 16.67% of cases (3 of 18 teeth),
and Pan troglodytes schweinfurthii permanent first molars, Pan troglodytes troglodytes
permanent first molars, and Pan troglodytes troglodytes deciduous second molars in
5.56% of cases each (1 of 18 teeth each). In total, teeth from this sample were classified
as belonging to the correct taxon in 66.67% of cases (12 of 18 teeth). They were
misclassified as Pan troglodytes schweinfurthii in 22.22% of cases (4 of 18 teeth) and as
Pan troglodytes troglodytes in 11.11% of cases (2 of 18 teeth).
Permanent first molars from the Pan paniscus sample were correctly classified as
belonging to both the Pan paniscus taxon and the permanent first molar tooth category in
66.67% of cases (20 of 30 teeth). They were most commonly misclassified as permanent
first molars of Pan troglodytes troglodytes, with these misclassifications accounting for
16.67% of classifications (5 of 30). The remaining misclassified teeth from this sample
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were classified as Pan troglodytes schweinfurthii permanent first molars in 6.67% of
cases (2 of 30 teeth), Pan paniscus deciduous second molars in 6.67% of cases (2 of 30
teeth), and Pan troglodytes troglodytes deciduous second molars in 3.33% of cases (1 of
30 teeth). No Pan paniscus permanent first molars were classified as Pan troglodytes
schweinfurthii deciduous second molars. In total, these teeth were therefore classified as
belonging to the correct taxon (if not the correct tooth class) in 73.33% of cases (22 of
30 teeth). They were misclassified as Pan troglodytes scwheinfurthii in 6.67% of cases
(2 of 30 teeth) and as Pan troglodytes troglodytes in 20% of cases (6 of 30 teeth).
The deciduous second molars of Pan troglodytes schweinfurthii appeared to be the most
difficult to classify. Teeth from this category were correctly classified in 65.39% of cases
(17 of 26 teeth). They were most commonly misclassified as Pan troglodytes troglodytes
deciduous second molars, with such misclassifications occurring in 15.39% of cases (4 of
26 teeth), followed by Pan troglodytes troglodytes permanent first molars and Pan
paniscus deciduous second molars in 11.77% of cases (2 of 26 teeth each), and Pan
troglodytes schweinfurthii permanent first molars in 3.85% of cases (1 of 26 teeth).
Teeth from this category were attributed to the correct taxon in 73.1% of cases (19 of 26
teeth). They were incorrectly attributed to Pan troglodytes troglodytes in 19.23% of
cases (5 of 26 teeth) and to Pan paniscus in 7.69% of cases (2 of 26 teeth).
Permanent first molars from the Pan troglodytes schweinfurthii sample were correctly
classified in 48.78% of cases (20 of 41 teeth). Teeth from this category were most
commonly misidentified as Pan troglodytes troglodytes permanent first molars, with such
misattributions accounting for 17.07% of cases (7 of 41 teeth). These teeth were also
misidentified as Pan paniscus deciduous second molars in 14.63% of cases (6 of 41
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teeth), Pan paniscus permanent first molars in 9.76% of cases (4 of 41 teeth), and Pan
troglodytes schweinfurthii deciduous second molars in 7.32% of cases (3 of 41 teeth).
One tooth from this category as attributed to the Pan troglodytes troglodytes deciduous
second molar category, a total of 2.44%. In total, these teeth were attributed to the
correct taxon in 56.1% of cases (23 of 41 teeth). They were misidentified as Pan
paniscus in 24.39% of cases (10 of 41 teeth) and as Pan troglodytes troglodytes in
19.51% of cases (8 of 41 teeth).
Deciduous second molars from the Pan troglodytes troglodytes sample were correctly
identified in 53.33% of cases (8 of 15 teeth). These teeth were most commonly
misclassified as Pan troglodytes schweinfurthii deciduous second molars, accounting for
33.33% of cases (5 of 15 teeth), followed by Pan troglodytes troglodytes permanent first
molars in 13.33% of cases (2 of 15 teeth). No teeth from this category were misattributed
to the Pan troglodytes schweinfurthii permanent first molar category or either Pan
paniscus category. In total, teeth from this category were attributed to the correct taxon
in 66.67% of cases (10 of 15 teeth). They were attributed to Pan troglodytes
schweinfurthii in 33.33% of cases (5 of 15 teeth). No teeth were misidentified as Pan
paniscus.
Permanent first molars from the Pan troglodytes troglodytes sample were correctly
classified in 42.11% of cases (16 of 38 teeth). They were most commonly misidentified
as Pan troglodytes schweinfurthii permanent first molars, accounting for 15.79% of cases
(6 of 38 teeth), followed by Pan paniscus permanent first molars in 13.16% of cases (5 of
38 teeth), Pan troglodytes troglodytes and Pan troglodytes schweinfurthii deciduous
second molars in 10.53% of cases each (4 of 38 teeth each), and Pan paniscus deciduous
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second molars in 7.9% of cases (3 of 38 teeth). In total, teeth from this category were
attributed to the correct taxon in 52.63% of cases (20 of 38 teeth). They were incorrectly
attributed to Pan troglodytes schweinfurthii in 26.32% of cases (10 of 38 teeth) and Pan
paniscus in 21.05% of cases (8 of 38 teeth).
b. Deciduous Second Molar Only

Actual Group

Predicted Group
PP_dm2 PTS_dm2 PTT_dm2 Total
PP_dm2
13
5
0
18
PTS_dm2
4
16
6
26
PTT_dm2
1
5
9
15
Total

18

26

15

Table 2. Confusion Matrix for CVA Test 1b
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Pan paniscus was correctly identified 72.22% (13 of 18 teeth) of the time on the basis of
PC 1 and PC 2. Pan paniscus was most commonly misidentified as Pan troglodytes
schweinfurthii with a frequency of 27.78 (5 of 18 teeth). No teeth from the Pan paniscus
sample were miscategorized as Pan troglodytes troglodytes. Pan troglodytes
schweinfurthii was correctly identified 61.54% (16 of 26 teeth) of the time. Pan
troglodytes schweinfurthii was most commonly misidentified as Pan troglodytes
troglodytes with a frequency of 23.08% (6 of 26 teeth), followed by Pan paniscus with a
frequency of 15.38% (4 of 26 teeth). Pan troglodytes troglodytes was correctly identified
60% (9 of 15 teeth) of the time. Pan troglodytes troglodytes was most commonly
misidentified as Pan troglodytes schweinfurthii as well with a frequency of 33.33% (5 of
15 teeth), followed by Pan paniscus at a frequency of 6.67% (1 of 15 teeth).
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c. Permanent First Molar Only

Actual Group

Predicted Group
PP_M1
PTS_M1
PTT_M1
Total

PP_M1 PTS_M1 PTT_M1 Total
18
5
7
30
6
25
10
41
7
9
22
38
31

39

39

109

Table 3. Confusion Matrix for CVA Test 1c

Pan paniscus was correctly identified 60% (18 of 30 teeth) of the time. Pan paniscus was
most commonly misidentified as Pan troglodytes troglodytes with a frequency of 23.33%
(7 of 30 teeth), followed by Pan troglodytes schweinfurthii with a frequency of 16.67%
(5 of 30 teeth). Pan troglodytes schweinfurthii was correctly identified 60.98% (25 of 41
teeth) of the time. Pan troglodytes schweinfurthii was most commonly misidentified as
Pan troglodytes troglodytes with a frequency of 24.39% (10 of 41 teeth), followed by
Pan paniscus 14.63% (6 of 41 teeth) of the time. Pan troglodytes troglodytes was
correctly identified 57.9% (22 of 38 teeth) of the time. Pan troglodytes troglodytes was
most commonly misidentified as Pan troglodytes schweinfurthii with a frequency of
23.68% (9 of 38 teeth), followed by Pan paniscus 18.42% (7 of 38 teeth) of the time.
Pan paniscus vs. Pan troglodytes
a. All Tooth Categories
Predicted Group
Actual Group

II.

PP_dm2
PP_M1
PT_dm2
PT_M1
Total

PP_dm2 PP_M1 PT_dm2 PT_M1
Total
10
4
4
0
18
4
17
1
8
30
5
6
27
3
41
10
15
12
42
79
29

42

44

Table 4. Confusion Matrix for CVA Test 2a

53

168

52

Deciduous second molars of Pan paniscus were correctly identified in 55.56% of cases
(10 of 18 teeth). They were misidentified as Pan paniscus permanent first molars and
Pan troglodytes deciduous second molars in 22.22% of cases each (4 of 18 teeth each).
Pan paniscus permanent first molars were correctly identified in 56.67% of cases (17 of
30 teeth). They were most commonly misidentified as Pan troglodytes permanent first
molars with such misidentifications accounting for 26.67% of cases (8 of 30 teeth),
followed by Pan paniscus deciduous second molars in 13.33% of cases (4 of 30 teeth)
and Pan troglodytes deciduous second molars in 3.33% of cases (1 of 30 teeth).
Pan troglodytes deciduous second molars were correctly identified in 65.85% of cases
(27 of 41 teeth). They were most commonly misidentified as Pan paniscus permanent
first molars in 14.63% of cases (6 of 41 teeth), followed by Pan paniscus deciduous
second molars in 12.2% of cases (5 of 41 teeth) and Pan troglodytes permanent first
molars in 7.32% of cases (3 of 41 teeth).

Pan troglodytes permanent first molars were

correctly identified in 53.67% of cases (42 of 79 teeth). They were incorrectly identified
as Pan paniscus permanent first molars in 18.99% of cases (15 of 79 teeth), Pan
troglodytes deciduous second molars in 15.19% of cases (12 of 79 teeth), and Pan
paniscus deciduous second molars in 12.66% of cases (10 of 79 teeth).
b. Deciduous Second Molar Only
Actual Group

Predicted Group
PP_dm2
PT_dm2
Total

PP_dm2 PT_dm2 Total
13
5
18
8
33
41
21

38

Table 5. Confusion Matrix for CVA Test 2b

59

53

Deciduous second molars from the Pan paniscus sample were correctly classified in
72.22% of cases (13 of 18 teeth) and incorrectly classified as Pan troglodytes in the
remaining 27.78% of cases (5 of 18 teeth). Deciduous second molars from the Pan
troglodytes sample were correctly classified in 80.49% of cases (33 of 41 teeth) and
incorrectly classified as Pan paniscus the in the remaining 19.51% of cases (8 of 41
teeth).
c. Permanent First Molar Only

Actual Group

Predicted Group
PP_M1
PT_M1

PP_M1 PT_M1
Total
20
10
30
25
54
79

Total

45

64

109

Table 6. Confusion Matrix for CVA Test 2c

Permanent first molars from the Pan paniscus sample were correctly classified in 66.67%
of cases (20 of 30 teeth), and incorrectly classified as Pan troglodytes in the remaining
33.33% of cases (10 of 30 teeth). Permanent first molars from the Pan troglodytes
sample were correctly classified 68.35% of cases (54 of 79 teeth), with the remaining
31.65% classified as Pan paniscus (25 of 79 teeth).
Pan troglodytes troglodytes vs. Pan troglodytes schweinfurthii
a. All Tooth Categories
Predicted Group
Actual Group

IV.

PTS_dm2 PTS_M1 PTT_dm2 PTT_M1 Total
PTS_dm2
17
2
6
1
26
PTS_M1
4
27
2
8
41
PTT_dm2
5
0
8
2
15
PTT_M1
3
11
1
23
38
Total

29

40

17

Table 7. Confusion Matrix for CVA Test 3a

34

120

54

Pan troglodytes schweinfurthii deciduous second molars were correctly identified in
65.39% of cases (17 of 26 teeth). They were misidentified as Pan troglodytes troglodytes
deciduous second molars in 23.08% of cases (6 of 26 teeth), as Pan troglodytes
schweinfurthii permanent first molars in 7.69% of cases (2 of 26 teeth), and as Pan
troglodytes troglodytes permanent first molars in 3.85% of cases (1 of 26). Pan
troglodytes schweinfurthii permanent first molars were correctly identified in 65.85% of
cases (27 of 41 teeth). They were incorrectly identified as Pan troglodytes troglodytes
permanent first molars in 19.51% of cases (8 of 41 teeth), as Pan troglodytes
schweinfurthii deciduous second molars in 9.76% of cases (4 of 41 teeth), and as Pan
troglodytes troglodytes deciduous second molars in 4.88% of cases (2 of 41 teeth).
Pan troglodytes troglodytes deciduous second molars were correctly identified in 53.33%
of cases (8 of 15 teeth). They were incorrectly identified as Pan troglodytes
schweinfurthii in 33.33% of cases (5 of 15 teeth) and as Pan troglodytes troglodytes
permanent first molars in 13.33% of cases (2 of 15 teeth). No teeth from this category
were misidentified as Pan troglodytes schweinfurthii permanent first molars. Pan
troglodytes troglodytes permanent first molars were correctly identified in 60.53% of
cases (23 of 38 teeth). These teeth were incorrectly identified as Pan troglodytes
schweinfurthii permanent first molars in 28.95% of cases (11 of 38 teeth), as Pan
troglodytes schweinfurthii deciduous second molars in 7.9% of cases (3 of 38 teeth), and
as Pan troglodytes troglodytes deciduous second molars in 2.63% of cases (1 of 38).
b. Deciduous Second Molar Only

Actual Group

Predicted Group
PTS_dm2

PTS_dm2 PTT_dm2 Total
18
8
26

55
PTT_dm2
Total

6

9

15

24

17

41

Table 8. Confusion Matrix for CVA Test 3b

Pan troglodytes schweinfurthii was correctly identified in 69.23% of cases (18 of 26
teeth). The remaining 8 teeth (30.77%) were incorrectly identified as Pan troglodytes
troglodytes. Pan troglodytes troglodytes was correctly identified in 60% of cases (9 of
15 teeth), while the remaining 6 teeth (40%) were identified as Pan troglodytes
schweinfurthii.
c. Permanent First Molar Only

Actual Group

Predicted Group
PTS_M1
PTT_M1
Total

PTS_M1 PTT_M1 Total
29
12
41
10
28
38
39

40

Table 9. Confusion Matrix for CVA Test 3c

79

Pan troglodytes schweinfurthii permanent first molars were correctly identified in
70.73% of cases (29 of 41 teeth) and incorrectly classified as Pan troglodytes troglodytes
in the remaining 29.27% of cases (12 of 41 teeth). Permanent first molars from the Pan
troglodytes troglodytes sample were correctly identified in 73.68% of cases (28 of 38
teeth) and incorrectly identified as Pan troglodytes schweinfurthii in the remaining
26.32% of cases (10 of 38 teeth).
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DISCUSSION
As mentioned in the introduction, four hypotheses were tested
1a) Pan troglodytes troglodytes and Pan troglodytes schweinfurthii can be accurately
distinguished from one another in more than 50% of cases.
True. While these subspecies proved (as expected) to be the most difficult to accurately
classify, they still had an accurate classification rate of 60% to 74%., which overlaps with
the range of accurate classifications for Pan paniscus (See below). Pan troglodytes
schweinfurthii, which occupies the largest geographic area of the three studied taxa,
appeared to have the largest amount of morphological overlap with both other taxa.
Deciduous second molars data resulted in the accurate classification of Pan troglodytes
troglodytes in approximately 60% of cases and of Pan troglodytes schweinfurthii in
approximately 69% of cases. Permanent first molars had more success, with Pan
troglodytes troglodytes being correctly identified in 74% of cases and Pan troglodytes
schweinfurthii in 70% of cases.
2a) Elliptical Fourier harmonics effectively discriminate between Pan species.
True. This study found that the data produced by elliptical Fourier analysis
discriminated between the two currently recognized Pan species in 66 to 80% of cases,
depending on which tooth type, with deciduous second molars providing maximum
accuracy. It was more common for Pan paniscus to be misattributed to the Pan
troglodytes category than for Pan troglodytes to be misattributed to Pan paniscus. This
is likely the result of the higher degree of intrataxon variation within Pan troglodytes,
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which is a substantially more populous and geographically dispersed species. It is also
notable that deciduous second molars appear to be more morphologically similar to
permanent first molars belonging to the same species than to other deciduous second
molars belonging to a different species.
Deciduous second molars were found to discriminate between the two species more
effectively than permanent first molars, with Pan paniscus deciduous second molars
correctly attributed in 72% of cases and Pan troglodytes in 80% of cases.
2b) Elliptical Fourier harmonics effectively discriminate between the Pan subspecies
Pan troglodytes troglodytes and Pan troglodytes schweinfurthii.
True. With the exception of CVA Test 1a, which compared both tooth categories and all
taxa, Pan troglodytes troglodytes and Pan troglodytes schweinfurthii could be
distinguished from one another with a degree of accuracy above 50% in all cases.
However, this accuracy was as low as 60% accuracy (Pan troglodytes troglodytes
deciduous second molars) and maxed out at approximately 74% accuracy (Pan
troglodytes troglodytes permanent first molars). As expected, these results were the
lowest seen in the course of this study, though they were still somewhat higher than
expected. Pilbrow’s dental morphological and morphometric analyses of chimpanzee
subspecies found that Pan troglodytes troglodytes and Pan troglodytes schweinfurthii
were accurately identified in only 59% and 62% respectively when size variables were
included (Pilbrow 2003). Both this study and the Pilbrow study found that these two
species were most commonly misclassified as each other, supporting previous
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morphological and molecular studies which found that these subspecies are very closely
related.
The fact that the permanent first molar proved to be a more effective discriminator, in this
case, is intriguing and is discussed in detail in the discussion of hypothesis 3a.
3a) The deciduous second molar consistently discriminates between chimpanzee taxa
with a higher degree of accuracy than does the permanent first molar.
Mixed. This statement is certainly true when distinguishing Pan paniscus from Pan
troglodytes. However, the permanent first molar was found to be more effective in
distinguishing the more closely related Pan troglodytes troglodytes and Pan troglodytes
schweinfurthii. It is possible that the reason for this difference is the result of the two
subspecies’ close genetic relationship. If it is true that the deciduous second molar is less
influenced by environmental factors than is the permanent first molar, it seems possible
that in very closely related populations, the additional variation resulting from said
environmental factors may actually be helpful for discriminating between populations,
rather than a source of confounding information. It may also simply be the result of the
somewhat smaller available sample of deciduous second molars for Pan troglodytes
troglodytes.
Sources of Variation
This study identified important sources of variation both between taxa and between tooth
types. Permanent first and deciduous second molars were primarily distinguishable based
on the deciduous second molar’s significantly diminished distolingual cusps. This was
expected, as this trait of deciduous second molars is well documented. The primary

59

source of intertaxon variation in the deciduous second molar indeed appears to be the
degree to which the lingual cusps are expressed, with Pan paniscus displaying a roughly
“rounded rectangle” like overall shape with the distolingual cusp consistently relatively
strongly expressed. This may also account for the tendency of Pan paniscus permanent
first molars and deciduous second molars to be misclassified more often as one another
than as teeth of the same category from one of the other two taxa.
The differences between Pan troglodytes troglodytes and Pan troglodytes schweinfurthii
were, as expected, the least consistent and decisive. This is consistent with the findings
of other morphometric and molecular studies (Johanson 1974; Uchida 1996; Pilbrow
2003; Gonder 2011). Despite this, the two subspecies could be accurately distinguished
from one another in up to 70% of cases. When both permanent first and deciduous
second molars of Pan troglodytes troglodyte and Pan troglodytes schweinfurthii were
compared, both tooth types for Pan troglodytes troglodytes tended to be more elongated
along the buccolingual axis, while both tooth types for Pan troglodytes schweinfurthii
were longer along the mesiodistal axis, though deciduous molars varied less decisively in
this way. Instead, deciduous second molars of Pan troglodytes troglodytes tended to
have a more roughly rectangular shape, slightly more similar to permanent first molars,
than those of Pan troglodytes schweinfurthii, which displayed a somewhat more
“triangular” profile with less distinct lingual cusps.
It is significant that the taxa in this study were classified with such high accuracy without
including size factors. Previous geometric morphometric studies found that when size
was excluded, classification accuracy dropped significantly and Pan paniscus (the most
molecularly and morphologically distinct of the study taxa) was accurately classified in
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only about 70% of cases. When size was included, Pan paniscus was accurately
classified in nearly 95% of cases (Pilbrow 2003; Pilbrow 2006). This suggests that
outline analysis captures more diagnostic data than other geometric morphometric
methods.
Ultimately, the degree of expression of the lingual cusps on deciduous second molars and
the location of the tooth’s long axis on permanent first molars proved to be the most
powerful predictors of group membership in this study.
Limitations
The inclusion of Pan troglodytes verus and Pan troglodytes ellioti would have added an
additional level to this study. Based on molecular studies, Pan troglodytes verus appears
to be divergent enough from the rest of Pan troglodytes to arguably represent its own
species. The inclusion of a second highly divergent taxon would have provided a second
look at the way Pan differentiates. Meanwhile, Pan troglodytes ellioti, despite being the
most recently recognized chimpanzee subspecies, has the distinction of being the only
subspecies whose current taxonomic rank is not currently being challenged. In this way,
a comparison of Pan troglodytes troglodytes, Pan troglodytes schweinfurthii, or a pooled
group of both and Pan troglodytes ellioti could provide something of a benchmark for
what level of dental variation is seen between two well-differentiated chimpanzee
subspecies. Unfortunately, this would have required visits to at least two additional
separate museums and funding was a limiting factor.
While this may not strictly be a limitation, as this thesis was focused on the study of
molar outline shape specifically, previous studies have found that crown size plays a
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significant role in discriminating between great ape taxa (Johanson 1974; Pilbrow 2003;
Pilbrow 2006). The combination of EFA methods with traditional morphometrics would
likely produce even more accurate results. Irregularities with the scaling of some of the
study images prevented the inclusion of size variables in this study.
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CONCLUSIONS

Ultimately, the results of this study support the continued use of molar outline analysis as
a tool to distinguish between primate taxa. Classification accuracy of Pan troglodytes
schweinfurthii and Pan troglodytes troglodytes was higher in this study than in the most
recent geometric morphometric study, despite the fact that the previous study included
size variables which increased classification accuracy and this study did not (Pilbrow
2003; Pilbrow 2006). Classification accuracy for Pan paniscus was lower than the
accuracy seen in Pilbrow’s study when size variables were included but higher than when
size was excluded (Pilbrow 2003).
The deciduous second molar outline proved to be a powerful tool for distinguishing
between Pan taxa at the species level, but somewhat less helpful at the subspecies level.
The deciduous second molar discriminated significantly better between Pan paniscus and
Pan troglodytes than did the permanent second molar, with the two taxa correctly
classified in 72% and 80% of cases respectively with the former and 67% and 68%
accuracy in the latter. The omission of size data from this study likely accounts for the
reduced accuracy, as classification accuracy for Pan paniscus in Pilbrow’s study dropped
to about 70% when only shape data was included (Pilbrow 2003). Additional studies
with larger sample sizes are necessary to determine definitively why this might be.
The results of this study align well with existing studies of Pan taxonomy, with Pan
paniscus being the most easily distinguishable from other taxa and Pan troglodytes
troglodytes and Pan troglodytes schweinfurthii being the most difficult to distinguish.
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As for the question of whether this study supports the continued existence of separate
subspecies for Pan troglodytes troglodytes and Pan troglodytes schweinfurthii, if
diagnosability is the primary criterion, I believe that it does. Pan troglodytes troglodytes
and Pan troglodytes schweinfurthii were more similar to each other in their molar crown
outlines than to Pan paniscus, but they were by no means identical, nor did intrataxon
variation overwhelm intertaxon variation to prevent effective discrimination. However,
the lack of a firm definition of the subspecies rank makes these results somewhat more
ambiguous. It remains to be seen if populations within these subspecies can be
distinguished from one another with a similar degree of accuracy. If so, it might be more
accurate to consider the two taxa simply as large, diverse populations.
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